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The mechanism behind the NMR surface relaxation and the large T1/T2 ratio of light hydro-
carbons confined in the nano-pores of kerogen remains poorly understood, and consequently has
engendered much debate. Towards bringing a molecular-scale resolution to this problem, we present
molecular dynamics (MD) simulations of 1H NMR relaxation and diffusion of heptane in a polymer
matrix, where the high-viscosity polymer is a model for kerogen and bitumen that provides an or-
ganic “surface” for heptane. We calculate the autocorrelation function G(t) for 1H-1H dipole-dipole
interactions of heptane in the polymer matrix and use this to generate the NMR frequency (f0)
dependence of T1 and T2 relaxation times as a function of φC7. We find that increasing molecular
confinement increases the correlation time of the heptane molecule, which decreases the surface
relaxation times for heptane in the polymer matrix. For weak confinement (φC7 > 50 vol%), we find
that T1S/T2S ' 1. Under strong confinement (φC7 . 50 vol%), we find that the ratio T1S/T2S & 4
increases with decreasing φC7, and that the dispersion relation T1S ∝ f0 is consistent with previ-
ously reported measurements of polymers and bitumen. Such frequency dependence in bitumen has
been previously attributed to paramagnetism, but our studies suggests that 1H-1H dipole-dipole
interactions enhanced by organic nano-pore confinement dominates the NMR response in saturated
organic-rich shales, without the need to invoke paramagnetism.
INTRODUCTION
The traditional interpretation of 1H NMR relaxation
times T1 and T2 (and implicitly the autocorrelation func-
tionG(t) for 1H-1H dipole-dipole interactions) rely on the
Bloembergen, Purcell, and Pound (BPP) [1] theory for
intra-molecular relaxation by rotational diffusion, Tor-
rey [2] and Hwang and Freed [3] for inter-molecular re-
laxation by translational diffusion, and, Hubbard [4] and
Bloom [5] for spin-rotation relaxation. These early pi-
oneering theories were nevertheless built on strong as-
sumptions regarding the molecular structure and inter-
action, such as the assumption of rigid molecules without
internal motions. In this regard, theories for the effects
of internal motions on T1 and T2 of ellipsoidal molecules
were developed by Woessner [6], and later a more general
phenomenological model was developed by Lipari and Sz-
abo [7, 8].
Until recently, petro-physicists have been forced to rely
on these classical theories to interpret T1 and T2 of com-
plex fluids such as crude-oils and bitumen. One of the
biggest conundrums has been that at high viscosity, the
log-mean T1LM becomes independent of viscosity over
temperature (η/T ), and (roughly) proportional to the
NMR frequency f0, i.e. T1LM ∝ f0, for heavy crude-oils
and bitumen [9–14]. To address this, a new phenomeno-
logical model [15, 16] was developed which uses the Lipari
and Szabo model, plus it takes into account the multi-
component nature of complex reservoir fluids by modify-
ing the exponent of the frequency dependence in the BPP
model. This new phenomenological model successfully
accounted for the viscosity and frequency dependence
of T1LM for heavy crude-oils, bitumen, and polymer-
heptane mixes, without invoking paramagnetism.
Another conundrum has been that at high viscosity,
the log-mean T2LM of heavy crude-oils and bitumen has
a viscosity dependence of T2LM ∝ (η/T )−0.5 [12–14],
which was also observed for pure polymers [16]. Several
models have been proposed to account for this behavior
[14, 17], yet no consensus has yet been reached. Overall,
it is clear that the viscosity and frequency dependence of
T1LM and T2LM present significant deviations from the
classical theories of NMR relaxation of bulk fluids, and
that further investigations are required.
A better theoretical understanding of the observed re-
laxation T1,2 in fluids can be achieved if one can split the
different relaxation mechanisms such as intra-molecular,
inter-molecular, and spin-rotation relaxation. One way
to do this experimentally is to perform 1H or 2H NMR
on partially deuterated molecules (i.e. partially replace
1H with 2H), such as in the case of glycerol [18], polymer
melts [19], or methane [5]. This technique assumes that
deuterating does not alter the local molecular dynamics
due to changes in the rotational and vibrational modes
of the molecule. In the case of methane, the symmetry of
the molecule is altered by deuteration, which complicates
the interpretation.
Molecular dynamics (MD) simulations have already
played a helpful, guiding role in this regard. We have
already shown that MD simulations of 1H-1H dipole-
dipole relaxation can naturally separate intra-molecular
from inter-molecular T1,2 for liquid-state n-alkanes and
water [20–22], as well as 1H spin-rotation relaxation for
methane [23]. Our MD simulations have also shown the
effects of internal motions and molecular geometry on
T1,2 of various hydrocarbons, as well as the differences
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1H’s across the n-
alkane chain [21, 22]. MD simulations have shed light on
the limitations of the classical theories, and they signifi-
cantly advanced our understanding of T1,2 of bulk fluids,
without any free parameters or models in the interpreta-
tion of the MD simulations.
Aside from bulk fluids, another major conundrum in
petro-physics is the origin of the NMR surface relaxation
T1S and T2S of fluids confined in organic-rich shales [24–
57]. For instance, Ozen and Sigal [24] first reported that
light hydrocarbons exhibit large ratios T1S/T2S & 4 when
confined in organic-shale, while small ratios T1S/T2S ' 2
are found for water. While this provides a good contrast
mechanism for fluid typing and saturation estimates in
organic-rich shale, the mechanism behind this observa-
tion is still not well understood. In some cases, 1H-1H
dipole-dipole relaxation is thought to be the dominant
mechanism [31, 36, 38, 42, 46, 49, 50], while in other
cases surface-paramagnetism is thought to be the domi-
nant mechanism [32, 33, 48, 56].
In order to shed light on this subject, we present MD
simulations of T1 and T2 of heptane in polymer-heptane
mixtures, where the high-viscosity polymer is a model for
kerogen and bitumen that provides an organic “surface”
and organic transient “pores” for heptane. Our premise
behind this analogy is that the organic matter in kero-
gen and bitumen is essentially made up of cross-linked
polymers (plus aromatics), where cross-linking turns the
liquid polymers into highly-viscous bitumen or solid kero-
gen when more cross-links are present. We simulate the
surface-relaxivity parameters ρ1 and ρ2 for heptane, and
the surface-relaxation ratio T1S/T2S , as a function of
NMR frequency f0 and heptane concentration φC7 in the
polymer-heptane mix. Our MD simulations of T1, T2 and
diffusion are also compared to previously reported mea-
surements of similar systems [16].
The rest of this manuscript is organized as follows: sec-
tion presents the methodology for the polymer-heptane
mixtures, MD simulations of diffusion and relaxation,
auto-correlation and NMR relaxation, and effects of dis-
solved oxygen on measurements; followed by the results
in section for diffusion of heptane in the mix, intra and
inter-molecular relaxation, total relaxation, surface re-
laxation and relaxivity of heptane in the polymer matrix;
followed by the conclusions in section .
METHODOLOGY
Polymer-heptane mixtures
An illustration of the polymer-heptane mix is shown
in Fig. 1, where n-heptane is used as the representa-
tive alkane, and a 16-mer oligomer of poly(isobutene) of
molecular mass Mw = 912 g/mol is used for the polymer
matrix. Poly(isobutene) is based on a Brookfield vis-
cosity standard used in previously reported NMR mea-
surements of polymer-heptane mixes, where the empiri-
cal relation η ' AMαw was reported with α ' 2.4 and
A ' 1.07 × 10−4 at ambient temperature [16]. The
empirical viscosity relation implies that the simulated
poly(isobutene) 16-mer has a viscosity of η ' 1000 cP
at ambient. Note that Mw and η for the simulations
are lower than the measured polymer where Mw = 9436
g/mol and η ' 333 400 cP at ambient temperature and
pressure [16].
Fig. 1(a) shows the “dissolved” regime corresponding
to simulations with low heptane volume fractions φC7 <
50 vol%, where heptane molecules rarely contact other
heptane molecules. Fig. 1(b) shows the “pore fluid”
regime corresponding to simulations with high heptane
volume fractions φC7 > 50 vol% where heptane molecules
fill a more conventional pore.
Simulation details
Both n-heptane and the polymer are modeled us-
ing using the CHARMM General Force Field [58, 59],
which is known to accurately describe the thermophyscial
properties as well as the NMR relaxation and diffu-
sion properties[20] of hydrocarbons. To construct the
simulation system, we first created the structure of n-
heptane using Avogadro[60, 61] and poly(isobutene) us-
ing the PRO-DRG server [62, 63]. We then created N
copies of heptane and M copies of poly(isobutene), and
pack them separately at a low density (0.1 g/cm3) using
PACKMOL[64, 65]. The initial numbers are chosen con-
sidering ideal mixing and using the experimental density
of polymer (0.89 g/cm3) [16] and heptane (0.68 g/cm3)
[66] NIST at 298.15 K. The numbers are chosen in such
a way that 100% polymer corresponds to 40 molecules.
The two boxes are then combined to form the initial sim-
ulation box. We use the NAMD[67, 68] code to perform
the simulations. The equations of motion are integrated
using the Verlet algorithm with a time step of 1 fs. To
remove possible steric clashes, we minimize the system
energy using 1000 steps of conjugate gradient minimiza-
tion. This starting system is necessarily at a much lower
pressure due to the low density. We then compress the
system to atmospheric pressure using Langevin dynam-
ics, where the temperature of 298.15 K is controlled using
a Langevin thermostat and the pressure of 1 atm. is con-
trolled using a Langevin barostat. Compressing from a
low density state also ensures we have a well mixed sys-
tem. This is critical because relying on diffusive motion
to ensure mixing is not recommended for systems with
low diffusivity, such as the polymer-alkane melt.
We find that after about 1 ns, all the systems studied
here achieve a constant density and temperature. We
equilibrate this system at constant temperature (NV T
ensemble) for 1 ns. The temperature during this phase
3FIG. 1. Illustration of a cross-section of (locally) cylindrical
transient “pores” in a poly(isobutene) matrix (black) filled
with n-heptane (red), where only carbon atoms are shown.
x(a) “Dissolved” regime corresponds to simulations with low
heptane volume fractions φC7 < 50 vol% where heptane
molecules rarely contact other heptane molecules. (b) “Pore
fluid” regime corresponds to simulations with high heptane
volume fractions φC7 > 50 vol% where heptane molecules fill
a more conventional pore.
was controlled by reassigning velocities (obtained from a
Maxwell-Boltzmann distribution) every 250 steps. The
subsequent production run was carried out for 10 ns at
constant NVE. Frames were archived every 100 steps for
analysis. The Lennard-Jones interactions were smoothly
switched to zero between from 13A˚ and 14 A˚. We use the
particle mesh Ewald procedure to describe electrostatic
interactions, with a grid spacing of 0.5 A˚.
Diffusion coefficient
The simulated diffusion coefficient is obtained using
the Einstein relation
Dsim =
1
6
δ〈∆r2〉L
δt
(1)
where 〈∆r2〉 is the mean-square displacement of the
center-of-mass of the molecule as a function of diffusion
evolution time t. Following Yeh and Hummer [69] (see
also Ref. 20), we correct the simulated diffusion coeffi-
cient for finite size effects using the relation
DT = Dsim +
kBT
6piη
ξ
L
(2)
where DT is the diffusion coefficient, L is the simulation
boxlength, η is the shear viscosity, T is the tempera-
ture of the system, kB is the Boltzmann constant, and
ξ = 2.837297 is the Madelung constant. The viscosity for
the simulated polymer was estimated using correlations
developed by Fox and Flory[70, 71] for mono-disperse
poly(isobutene). The viscosity of the mixtures were ob-
tained following correlations developed by McAllister[72].
The system-size correction term amounts to around∼ 7%
for high volume fractions of heptane, and reduces to
∼ 2% at low fractions.
Auto-correlation and NMR relaxation
The autocorrelation function G(t) for fluctuating mag-
netic 1H-1H dipole-dipole interactions is central to the
development of the NMR relaxation theory in liquids [1–
3, 73–76]. The details of the derivation of G(t) can be
found in Ref. 20, and only the essential elements are
provided below. For an isotropic system, G(t) is given
as:
GR,T (t) =
3
16
(µ0
4pi
)2
~2γ4
× 1
NR,T
NR,T∑
i 6=j
〈
(3 cos2θij(t+ τ)− 1)
r3ij(t+ τ)
(3 cos2θij(τ)− 1)
r3ij(τ)
〉
τ
(3)
where t is the lag time of the autocorrelation, µ0 is the
vacuum permeability, ~ is the reduced Planck constant,
γ/2pi = 42.58 MHz/T is the nuclear gyro-magnetic ratio
for 1H (spin I = 1/2), rij is the magnitude of the vector
that connects the pair (i, j) 1H-1H dipoles, and θij is the
polar angle the vector forms with the external magnetic
field. The subscript R refers to autocorrelation of intra-
molecular interactions from rotational diffusion, and sub-
script T refers to autocorrelation of inter-molecular inter-
actions from translational diffusion. From GR,T (t), one
4FIG. 2. (a) MD simulations of the intra-molecular (GR(t))
and inter-molecular (GT (t)) auto-correlation functions for
heptane in a polymer-heptane mix with heptane concentra-
tion φC7 = 5 vol%, compared with pure heptane (φC7 = 100
vol%). (b) Corresponding probability distributions PR,T (τ)
determined from inverse Laplace transforms of GR,T (t) (Eq.
8).
can determine the spectral density function JR,T (ω) by
Fourier transform as such:
JR,T (ω) = 2
∫ ∞
0
GR,T (t) cos (ωt) dt, (4)
for GR,T (t) in units of s
−2 [74]. The expressions (which
do not assume a molecular model) for T1 and T2 are then
given by [74, 75]:
1
T1R,1T
= JR,T (ω0) + 4JR,T (2ω0), (5)
1
T2R,2T
=
3
2
JR,T (0) +
5
2
JR,T (ω0) + JR,T (2ω0), (6)
1
T1,2
=
1
T1R,2R
+
1
T1T,2T
, (7)
where JR,T (ω0) are the spectral densities at the res-
onance frequency ω0 = 2pif0. Note that the intra-
molecular and inter-molecular rates add to give the total
relaxation rate (Eq. 7).
The autocorrelation function GR,T (t) was constructed
using fast Fourier transforms, for lag time ranging from
0 ps to 1000 ps in steps of 0.1 ps. The number of distinct
pairs of hydrogens analyzed are ≈ 2×103 per time frame
for intra-molecular relaxation, and ≈ 4 × 105 per time
frame for inter-molecular relaxation.
The results of the intra-molecular GR(t) and inter-
molecular GT (t) are shown in Fig. 2(a) for heptane in
the polymer-heptane mix at φC7 = 5 vol%, and for pure
heptane (i.e. φC7 = 100 vol%). In order to quantify the
departure of GR,T (t) from single-exponential decay, we
fit GR,T (t) to a sum of multi-exponential decays and de-
termine the underlying probability distribution PR,T (τ)
in correlation times τ . More specifically, we perform an
inversion of the following Laplace transform [77, 78]:
GR,T (t) =
∫ ∞
0
PR,T (τ) exp (−t/τ) dτ, (8)
τR,T =
1
GR,T (0)
∫ ∞
0
PR,T (τ) τ dτ, (9)
∆ω2R,T = 3GR,T (0),
∫ ∞
0
(10)
JR,T (ω) =
∫ ∞
0
2τ
1 + (ωτ)2
PR,T (τ)dτ, (11)
where PR,T (τ) are the probability distribution functions
derived from the inversion, and are plotted in Fig. 2(b).
Details of the inversion procedure can be found in [23]
and in the supporting information in [21]. The PR,T (τ) in
Fig. 2(b) indicate a set of ∼5 polymer modes, located at
similar τ values for both intra-molecular PR(τ) and inter-
molecular PT (τ) interactions. The intra-molecular PR(τ)
has an additional mode at short τ ' 10−2 ps for both
the polymer and heptane, while it is absent for PT (τ) in
both cases. Similar observations at τ ' 10−2 ps were
reported in the supporting information in [21] for liquid-
state alkanes.
The decomposition of GR,T (t) into a sum of exponen-
tial decays in Eq. 8 is common practice in phenomeno-
logical models of complex molecules [79, 80], where the
more complex the molecular dynamics, the more expo-
nential terms are required [6, 81]. Also defined are the
correlation times τR,T (Eq. 9), and the square-root of the
5FIG. 3. (a) Correlation times for the rotational (τR(t)) and
translational (τT (t)) motions as a function of heptane concen-
tration φC7. (b) Square-root of second moment (i.e. strength)
of intra-molecular (∆ωR) and inter-molecular (∆ωT ) interac-
tions as a function of φC7.
second moments ∆ωR,T (Eq. 10) i.e. strength of the in-
teraction, which are plotted in Fig. 3. While ∆ωR,T are
independent of φC7, τR,T increases by ∼3 orders of mag-
nitude in going from φC7 = 100 vol% → 5 vol%. The
increase in τR,T clearly show that decreasing φC7 dra-
matically slows the molecular dynamics of heptane due
to increasing confinement in the polymer matrix.
T1,2 as a function of f0, i.e. T1,2 dispersion, can also
be determined from the PR,T (τ) distributions. This is
derived by using the Fourier transform (Eq. 4) of GR,T (t)
(Eq. 8), resulting in Eq. 11. Once JR,T (ω) is known, Eqs.
5, 6 and 7 are used to determine T1,2(ω0) from JR,T (ω)
at ω = ω0.
RESULTS
Diffusion of heptane in the mix
Fig. 4 compares the simulated diffusion coefficient
against NMR diffusion measurements in the polymer-
heptane mixtures. We emphasize that the polymer ma-
trix used experimentally is of considerably higher vis-
cosity (η ' 333 400 cP at ambient) than the one used
in simulations (η ' 1000 cP at ambient). Nevertheless,
both simulations and measurements show that the diffu-
sion coefficient DT relative to the value in the bulk D0
(= 3.43×10−9 m2/s at ambient) is consistent with [82]:
DT
D0
=
1
T = φ
m−1
C7 , (12)
where T is the tortuosity, and T = φ1−mC7 is Archie’s
equation with cementation exponent m. The simulations
indicate that m ' 3.68, which agrees well with NMR
measurements where m ' 3.44. By comparison, m = 2
is predicted in a capillary bundle model [82]. It should
be noted however that in the present case the polymer is
itself diffusing, and therefore the pore walls are not rigid.
We repeated our calculations for the low volume frac-
tions (≤ 30%) for reproducibility, as we expected biases
from our initial configurations. For the lowest volume
fractions (≤ 10%), we find the values can vary by a fac-
tor of about ∼5. This serves as a cautionary note in
the challenges that remain in simulating systems with
very low diffusivity. However, the overall agreement with
measurements is encouraging, which gives us confidence
in our molecular models and simulation forcefield.
Furthermore, Fig. 4 also shows that the results for
heptane in the polymer-heptane mix are consistent with
previously reported NMR measurements of water in im-
mature kerogen isolates. This suggests that the high-
viscosity polymer is a good model for translational dif-
fusion of fluids in an immature kerogen matrix, which is
reasonable given that immature kerogen has fewer cross-
links than mature kerogen [83].
Intra- vs. inter relaxation of heptane
MD simulations can naturally separate intra-molecular
T1R,2R from inter-molecular T1T,2T relaxation. In Fig.
5 we show the ratios of T1T /T1R and T2T /T2R, where
ratios greater than one indicate that intra-molecular re-
laxation dominates over inter-molecular relaxation, while
ratios less than one indicate the opposite. It is found
that intra-molecular relaxation dominates over inter-
molecular (i.e. T1T,2T /T1R,2R > 1) for φC7 & 70 vol%.
Below φC7 . 70 vol%, inter-molecular relaxation dom-
inates (i.e. T1T,2T /T1R,2R < 1), except at high fre-
quencies f0 & 400 MHz where the reverse is found for
T1T /T1R > 1.
6FIG. 4. Ratio of translational diffusion coefficient DT to bulk
diffusion coefficient D0 for heptane in the polymer matrix for
both measurements and simulations, as a function of heptane
concentration φC7. Lines are best fits using a Archie model
Eq. 12 for tortuosity. Also shown are measurements of re-
stricted diffusion of water in immature Kerogen, see Appendix
for more detail.
The dependence of T2T /T2R on φC7 can be loosely de-
scribed from the results in Fig. 3 alone. According to Eq.
6, the 1/T2R,2T ∝ ∆ω2R,T τR,T , if one ignores the small
amount of dispersion in T2R,2T . At φC7 = 100 vol%, ∆ω
2
R
is a factor ∼4 larger than ∆ω2T , while τR is a factor ∼1/2
shorter than τT , which leads to T2T /T2R ' 2 (i.e. intra-
molecular relaxation dominates). With decreasing φC7,
∆ω2R,T stay constant (Fig. 3(b)), however τT becomes
larger than τR (Fig. 3(a)), which leads to T2T /T2R < 1
(i.e. inter-molecular relaxation dominates) below φC7 .
70 vol%. Note that inter-molecular relaxation consists
of contributions from both heptane-heptane interactions
and polymer-heptane interactions. However below φC7 .
50 vol%, i.e. in the dissolved region (Fig. 1(a)), hep-
tane molecules do not contact other heptane molecules,
therefore the inter-molecular relaxation is dominated by
polymer-heptane interactions.
The dependence of T1T /T1R on φC7 can be understood
using PR,T (τ) in Fig. 2(b). According to Eq. 11, con-
tributions from ωτ  1 are negligible compared to those
with ωτ  1. Contributions with ωτ  1 are often said
to be “dispersed out” [84], meaning they do not con-
tribute to relaxation compared to ωτ  1. For φC7 =
5 vol% at f0 = 400 MHz this implies that contributions
from PR,T (τ) with τ  400 ps are negligible. In other
words, for φC7 = 5 vol% in Fig. 2(b), the peak at τ ' 104
ps (where the inter-molecular contribution is larger than
intra-molecular contribution) no longer contributes to re-
laxation f0 = 400 MHz, i.e. it is dispersed out. Mean-
while PR(τ) and PT (τ) have peaks at similar τ values for
τ  400 ps, however PR(τ) is a factor ∼4 larger in am-
FIG. 5. Ratios of inter-molecular (T1T,2T ) to intra-molecular
(T1R,2R) relaxation times at f0 = (a) 2.3 MHz, (b) 22 MHz,
and (c) 400 MHz, as a function of heptane concentration
φC7. Ratios greater than one (dashed lines) indicate that
intra-molecular relaxation dominates over inter-molecular re-
laxation, while ratios less than one indicate the opposite.
7plitude than PT (τ) in that region, therefore T1T /T1R > 1
(i.e. intra-molecular relaxation dominates). At lower fre-
quencies f0 . 400 MHz, the peak at τ ' 104 ps in Fig.
2(b) is not dispersed out, therefore similar arguments for
T1T /T1R hold as for T2T /T2R above, where T1T /T1R < 1
below φC7 . 70 vol% (i.e. inter-molecular relaxation
dominates).
Total relaxation of heptane
The expression for the total relaxation is given in Eq.
7, and is plotted in Fig. 6 as a function of φC7 at f0 =
2.3 MHz, 22 MHz, 400 MHz. T2 decreases monotonically
with decreasing φC7, which as shown below is a result
of larger surface relaxation due to increased confinement
(i.e. a larger surface to pore-volume ratio), and a larger
surface relaxivity ρ2 in the dissolved region. Likewise, T1
decreases monotonically with decreasing φC7 at f0 = 2.3
MHz and 22 MHz. However at f0 = 400 MHz, T1 tends
to level off with decreasing φC7, which as shown below
is due to a constant surface-relaxivity ρ1 in the dissolved
region.
Also shown in Fig. 6 are the measurements compared
with simulations, which shows that the overall trends
agree. A cross-plot of measurements versus simulations
is also shown in Fig. 7 for better comparison. We find
good agreement between the measurements and simula-
tions except in two regions: (1) the region φC7 ' 50 vol%
where the measurements are overestimated compared to
simulations, and (2) the region φC7 . 10 vol% where
the simulations are overestimated compared to measure-
ments.
The deviation in the region φC7 . 10 vol% is most
likely due to the fact that the maximum auto-correlation
time for GR,T (t) in Fig. 2(a) is tmax = 1000 ps, which
limits the accuracy in the inverse Laplace transforms
PR,T (τ) for φC7 . 10 vol%. The maximum value of
τmax in PR,T (τ) is chosen to be a factor ∼10 larger
than the longest acquisition time in the data [77], i.e.
τmax = 10 tmax = 10
4 ps in the present case. This leads
to inaccuracies in PR,T (τ) if there are contributions with
τ > τmax, which is likely to be the case for φC7 . 10
vol%. The solution is to increase tmax, however this is
computationally expensive.
The deviation in the region φC7 ' 50 vol% is believed
to be due to uncertainties in the oxygen concentration in
the measurements. This is explored in Appendix , and
the proposition only qualitatively improves the agree-
ment with experiments.
Surface relaxation of heptane
The decrease in heptane relaxation times T1,2 from
their bulk relaxation T1B,2B is due to interactions of hep-
FIG. 6. (a) T1 and (b) T2 relaxation times for heptane in the
polymer matrix according to simulations (closed symbols) and
measurements (open symbols) at f0 = 2.3 MHz, 22 MHz, 400
MHz, as a function of heptane concentration φC7.
tane with the polymer surfaces. Commonly, this prop-
erty is analyzed as relaxation induced by the surface itself
and termed “surface relaxation”. As indicated in Fig. 1,
if we assume the polymer matrix to form “pores” for the
heptane molecules, we can interpret the polymer-heptane
interactions as “surface” interactions, where the polymer
is the confining surface.
The surface relaxation is obtained using the following
relation:
1
T1,2
=
1
T1S,2S
+
1
T1B,2B
, (13)
where T1B,2B ' 7320 ms is the bulk relaxation time for
heptane at ambient temperatures (η = 0.39 cP) [85, 86].
Fig. 8 shows the resulting dispersion for T1S , T2S , and
the ratio T1S/T2S , for the various φC7 mixtures.
While T1B,2B for bulk heptane has minimal frequency
dependence within the range shown (simulation not
shown), T1S for heptane in the polymer matrix clearly
8FIG. 7. Correlation cross-plot of measurements vs. simula-
tions of T1 and T2 at f0 = 2.3 MHz, 22 MHz, 400 MHz, for
various heptane volume fractions φC7.
has a large amount of dispersion. More specifically, the
simulations show that T1S is dispersive above f0 & 10
MHz, and furthermore that T1S tends towards the func-
tional form T1S ∝ f0 (specifically T1S×2.3/f0 ' 7 ms) for
φC7 . 50 vol% and high frequencies f0 & 500 MHz. This
functional form for T1S dispersion is consistent with the
previously reported measurements of polymers and bitu-
men where T1LM ∝ f0 (specifically T1LM × 2.3/f0 ' 3
ms) at high viscosities [16]. Remarkably, the universal
scaling T1LM ∝ f0 found for all bitumen and polymers
in the slow-motion regime (i.e. ω0τR  1) is also found
for T1S of heptane at low volume fractions (φC7 . 50
vol%) in the polymer matrix. This frequency dependence
is in stark contrast to the traditional BPP model where
T1LM ∝ f20 is predicted at high-viscosities [1]. In the case
of bitumen and polymers, a phenomenological model was
proposed to account for T1LM ∝ f0 dispersion at high
viscosities [16]. The results in Fig. 8(a) indicate that
the same phenomenological model may apply to T1S for
heptane under nano-confinement in an organic matrix.
Fig. 8(b) shows that T2S has much less dispersion, as
expected. The increase in T2S from low to high f0 (i.e.
from the fast- to slow-motion regime) is given by 10/3,
independent of the details in JR,T (ω). The factor 10/3
can be calculated by comparing Eq. 6 in the fast-motion
regime (ω0τ  1) to the slow-motion regime (ω0τ  1)
[75]. The resulting T1S/T2S ratio is shown in Fig. 8(c),
where T1S/T2S ' 20 at f0 = 400 MHz for φC7 = 5 vol%.
FIG. 8. Surface relaxations (a) T1S , (b) T2S , and (c) T1S/T2S
ratio as a function of frequency f0, for heptane volume frac-
tion φC7 of 5%, 10%, 15%, 20% to 90% in increments of 10%.
Dashed blue line in (a) shows dispersion relation T1S ∝ f0
(specifically T1S × 2.3/f0 = 7 ms).
9FIG. 9. Surface relaxivities (a) ρ1, (b) ρ2, and (c) T1S/T2S (=
ρ2/ρ1) ratio as a function of heptane volume fractions φC7 for
both simulations (closed symbols) and measurements (open
symbols), at frequencies f0 = 2.3 MHz, 22 MHz, and 400
MHz. Dashed vertical line shows dissolved heptane region
φC7 < 50 vol%, and pore fluid region φC7 > 50 vol%.
Surface relaxivity of heptane
The surface-relaxivity parameter ρ1,2 is given by the
following expression [87]:
1
T1S,2S
= ρ1,2
S
Vp
(14)
where Vp is the pore volume, S is the surface area of
the pore, and ρ1,2 are the surface-relaxivity parameters.
S and Vp incorporate the geometric factors related pore
geometry, while ρ1,2 incorporate the surface interactions
between heptane and the polymer surfaces. The surface
to pore-volume ratio of the polymer matrix is related to
the surface to grain-volume ratio of the polymer as such:
S
Vp
=
1− φC7
φC7
S
Vg
=
4
d
. (15)
Vg is the grain volume of the polymer, which MD sim-
ulations have previously shown is S/Vg ≈ 0.859 A˚−1 for
branched alkanes [88], independent of the chain length.
d is the equivalent diameter of a cylindrical pore shown
in Fig. 1, where we imagine heptane to be extended in
a cylindrical pore at high confinement. The diameter of
the extended heptane is around d = 4.2A˚, which corre-
sponds to φC7 = 50 vol% according to Eq. 15. It is fair
to assume that below φC7 < 50 vol%, heptane molecules
interact mainly with the polymer surfaces, and can be
thought of as being absorbed (i.e. dissolved) in the poly-
mer matrix. Note that Eq. 14 is valid in the small-pore
regime, otherwise known as the “fast-diffusion” regime,
where ρ1,2 d/D0  1 holds. The fast-diffusion regime
holds in the present case, as it also does for nano-pore
systems such as those found in shale.
Using Eq. 14 and 15 with constant S/Vg results in the
following expressions:
1
ρ1,2
= T1S,2S
1− φC7
φC7
S
Vg
, (16)
T1S
T2S
=
ρ2
ρ1
. (17)
The resulting ρ1 and ρ2 are plotted in Figs. 9(a) and
(b), respectively, while the ratio is plotted in Fig. 9(c).
Also shown in Fig. 9 is the separation between dissolved
and pore-fluid states at φC7 = 50 vol%. The simulations
show that the surface-relaxivities ρ1 and ρ2 are indepen-
dent of φC7 and f0 for φC7 & 50 vol%, as expected in
conventional pores. However below φC7 . 50-60 vol%,
both ρ1 and ρ2 increase with decreasing φC7, which we
interpret as the “dissolved” region where heptane is no
longer in contact with other heptane molecules due to
increased confinement in the polymer matrix. We also
find that ρ1 decreases with increasing f0, i.e. is disper-
sive, in the dissolved region. The simulations also show
that T1S/T2S ' 1 in the conventional pore-fluid region,
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while T1S/T2S & 4 in the dissolved region which is con-
sistent with previously reported measurements of light
hydrocarbons dissolved in kerogen and bitumen.
Fig. 9 also shows measurements of ρ1, ρ2, and
T1S/T2S , where the trends are consistent with simula-
tions. T1S/T2S is found to be systematically lower for
simulations compared to measurements. This discrep-
ancy is attributed to the fact that the simulated polymer
in the mix has a lower molecular weight Mw = 912 g/mol
(η ' 1000 cP at ambient temperatures) compared to the
measured polymer in the mix Mw = 9436 g/mol (η '
333 400 cP at ambient temperatures). Nevertheless, both
simulations and measurements indicate that T1S/T2S in-
creases with increasing confinement and increasing fre-
quency, indicating that 1H-1H dipole-dipole relaxation
enhanced by nano-pore confinement is the dominant
surface-relaxation mechanism in saturated organic-rich
shales.
CONCLUSION
We report on MD simulations of heptane confined in
a polymer-heptane mix as a function of heptane volume
fraction φC7 in the mix. Our motivation for studying this
system is that the high-viscosity polymer acts as a model
of kerogen and bitumen, where a decrease in φC7 results
in an increase in confinement of heptane in the transient
organic “nano-pores” of the polymer matrix. MD simu-
lations of the restriction in translational diffusion coeffi-
cient DT /D0 of heptane in the polymer-heptane mix in-
dicates a power-law dependence DT /D0 ' φm−1C7 , with an
Archie cementation exponent of m ' 3.68. The simula-
tions agree well with NMR measurements (m ' 3.44) on
similar systems. Furthermore, these findings are consis-
tent with previously reported measurements of water in
immature kerogen isolates, which indicate that the high-
viscosity polymer is a good model for immature kerogen.
We then report on MD simulations of 1H NMR T1
and T2 from
1H-1H dipole-dipole interactions for hep-
tane in a polymer-heptane mix, as a function of hep-
tane volume fraction φC7 and NMR frequency f0. The
simulations naturally separate the contributions from
intra-molecular T1R,2R (from rotational diffusion) versus
inter-molecular relaxation T1T,2T (from translational dif-
fusion). It is found that intra-molecular relaxation domi-
nates over inter-molecular (i.e. T1T,2T /T1R,2R > 1) above
φC7 & 70 vol%. Below φC7 . 70 vol%, inter-molecular
relaxation dominates (i.e. T1T,2T /T1R,2R < 1), except
at high frequencies f0 & 400 MHz where the reverse is
found for T1 relaxation (i.e. T1T /T1R > 1).
MD simulations of the total relaxation T1 and T2 are
found to monotonically decrease with decreasing φC7 as
a result of increasing confinement of heptane in the mix.
The MD simulations are found to be consistent with T1
and T2 measurements at f0 = 2.3 MHz, 22 MHz, and 400
MHz. Good agreement is found between measurements
and simulation, except in the region around φC7 ' 50
vol% where measurements overestimate T1 and T2 com-
pared to simulations. We propose that the overestimate
from the measurements is a result of a decrease in the
concentration of dissolved oxygen at φC7 ' 50 vol%,
which is qualitatively confirmed by independent MD sim-
ulations of the solubility of oxygen in the mix.
We use the MD simulation results to compute the
surface-relaxation components T1S and T2S of heptane
in the polymer “pores”. The simulations show that T1S
is dispersive above f0 & 10 MHz, and furthermore that
T1S tends towards the functional form T1S ∝ f0 (specif-
ically T1S × 2.3/f0 ' 7 ms) for φC7 . 50 vol% and
high frequencies f0 & 500 MHz. Remarkably, this func-
tional form of the dispersion is consistent with the pre-
viously reported measurements of polymers and bitumen
where T1LM ∝ f0 (specifically T1LM × 2.3/f0 ' 3 ms)
at high viscosities, which is in stark contrast to the tra-
ditional BPP model where T1LM ∝ f20 is predicted at
high viscosities [1]. In the case of bitumen and polymers,
a phenomenological model was proposed to account for
T1LM ∝ f0 dispersion at high viscosities [16]. Our find-
ings suggest that the same phenomenological model may
apply to the surface relaxation of light hydrocarbons in
an organic nano-confined matrix.
The simulations show that the surface-relaxivities ρ1
and ρ2 are independent of φC7 and f0 for φC7 & 50 vol%,
as expected in conventional pores. However below φC7 .
50-60 vol%, both ρ1 and ρ2 increase with decreasing φC7,
which we interpret as the “dissolved” region where hep-
tane is no longer in contact with other heptane molecules
due to increased confinement in the polymer matrix. We
also find that ρ1 decreases with increasing f0, i.e. it is
dispersive, in the dissolved region. The simulations also
show that T1S/T2S ' 1 in the conventional pore-fluid re-
gion, while T1S/T2S & 4 in the dissolved region which
is consistent with previously reported measurements of
light hydrocarbons dissolved in kerogen and bitumen.
Measurements of ρ1, ρ2, and T1S/T2S show consis-
tent trends with simulations as a function of φC7 and
f0, however T1S/T2S is found to be systematically lower
for simulations compared to measurements. This discrep-
ancy is attributed to the fact that the simulated polymer
in the mix has a lower molecular weight compared to
the measured polymer in the mix. Nevertheless, both
simulations and measurements indicate that T1S/T2S in-
creases with increasing confinement and increasing fre-
quency, indicating that 1H-1H dipole-dipole relaxation
enhanced by nano-pore confinement is the dominant
surface-relaxation mechanism in saturated organic-rich
shales.
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Effect of dissolved oxygen on measurements
Solubility is determined by the excess chemical poten-
tial. Here we predict the excess chemical potential of O2
in the alkane/polymer mixture using
βµexO2 = lnx0 − ln p0 − ln〈e−β∆U 〉0 (18)
which is the quasichemical organization of the poten-
tial distribution theorem [89–91]. In the above equa-
tion, lnx0 is the work required to move the solvent out
of the inner shell defined around the oxygen molecule,
− ln p0 is the work required to created the empty in-
ner shell in the solvent (in the absence of the solute),
and − ln〈e−β∆U 〉0 is the contribution from the interac-
tion of the oxygen with the rest of the solvent when the
inner shell is empty. Exploratory calculations show that
the interaction between O2 and alkane/polymer matrix
is dominated by inner-shell exclusion (steric effects) and
long-range van der Waals interactions. To this end, we
choose an inner shell cavity that is large enough to accom-
modate the solute but small enough such that lnx0 = 0.
We make a conservative choice of 2.9 A˚ for the inner shell
radius. Here O2 was modeled using the three site model
that has both partial charge and dispersion contribution
Ref.
For computing p0, we first define a cubic grid of size
13×13×13 A˚3. The grid sites are separated by 3 A˚. (The
simulation boxes are all about 40 A˚ and hence the grid
sits entirely within the simulation cell.) Using the grid
sites as reference, we find the number of occurrences for
which no carbon atom of the solvent is within 2.9 A˚ of the
grid site. All such sites are archived for further analysis.
This calculation also directly provides the probability p0
of finding a cavity of size 2.9 A˚ in the hydrocarbon ma-
trix. For the cavities archived from the study above, we
compute − ln〈e−β∆U 〉0 by particle insertion [89–92]. For
these calculations, based on the convergence of the free
energy, we used only a smaller subset (up to 1000 frames)
of the overall 5000 frames. Note that for each site, we
also consider three random orientations of the oxygen
molecule, further enhancing the statistical reliability.
We obtain the solubility of oxygen in heptane to be
676 ppm. The experiments suggest that the solubility
of oxygen in n-heptane is around 132 ppm (by weight)
[93, 94]. To obtain this value (assuming oxygen partial
pressure of 0.21 atm.), we need βµexO2 ≈ 5.0. In energy
units, the difference between our computed value and 5.0
is about 0.9 kcal/mol. This small difference may result
from deficiencies of the force field itself. However, we
suspect the relative solubility trends to be well-captured
by our simulations. Since the solubility relative to the
bulk is of most interest, in Fig. 10 we show the relative
solubility of O2 in the alkane/polymer mixture. Consid-
ering the relative solubility also serves to minimize the
errors in the absolute solvation values, that are off by a
factor of 5.
The relation between the measured Tmeas1,2 and the in-
trinsic T1,2 of interest is given by the following expression
[95]:
1
Tmeas1,2
=
1
T1,2
+
CO2
T1O2,2O2
. (19)
The measured T1O2 (= T2O2) for pure heptane at ambient
conditions are T1O2 = 2490 ms, 2620 ms, and 5580 ms at
f0 = 2.3 MHz, 22 MHz, and 400 MHz, respectively [16].
It was previously shown that T1O2 is roughly constant for
solvents with the molecular weight of heptane or higher
[95]. In other words, T1O2 (= T2O2) in Eq. 19 is assumed
to be independent of φC7. As shown in Fig. 7, we find
good agreement between simulated T1,2 and measured
T1,2 assuming CO2 = 1 for all φC7 in Eq. 19.
FIG. 10. MD simulations of concentration CO2 of dissolved
oxygen in the polymer-heptane mix, as a function of heptane
volume fraction φC7. CO2 is defined relative to pure heptane
(φC7 = 100 vol%), under ambient conditions.
However, as shown in Fig. 10, CO2 decreases at
around φC7 ' 50 vol%, and therefore the assumption
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FIG. 11. Correlation cross-plot of measurements vs. simula-
tions of T1 and T2 at f0 = 2.3 MHz, 22 MHz, 400 MHz, for
various heptane volume fractions φC7. Symbols use CO2 =
1 in Eq. 19 to determine T1,2 from measured T
meas
1,2 , while
leftmost point of the individual vertical lines uses CO2 values
from Fig. 10.
that CO2 = 1 for all φC7 may not be accurate. In order
to quantify this effect, Fig. 11 shows the measured T1,2
using the simulated CO2 values as a function of φC7 from
Fig. 10, the results of which are shown as the leftmost
point of the vertical lines in Fig. 11. Using the CO2
values from Fig. 10 improves the comparison between
measurements and simulations in the region φC7 ' 50
vol%, however a discrepancy is then found in the region
φC7 > 70 vol%. We note however that the simulated
CO2 in Fig. 10 are qualitative and designed to capture
the overall trends in CO2 , namely that CO2 decreases
around φC7 ' 50 vol%, which coincides with the discrep-
ancy between measurements and simulations of T1,2 in
that region. This gives credibility, though not certainty,
to the proposition that variations in CO2 with φC7 are
the cause of the discrepancy between measurements and
simulations at φC7 ' 50 vol%.
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Diffusivity of Water in Kerogen
FIG. 12. Diffusion-T2 (D-T2) measurement at ambient of
water-saturated isolated kerogen pellets from a Kimmeridge
outcrop (same kerogen as used in [38, 44]). Right panel shows
D projection (red). Upper panel shows the T2 projection from
D-T2 (red), along with full T2 distribution (blue). The pro-
jection from D-T2 (9.5 pu) shows less signal intensity than
the full T2 (35.8 pu) due to limitations in the D-T2 measure-
ment. The diffusion coefficient (taken at the peak of the D
distribution) of the inter-granular water is detectable, while
the diffusion coefficient for dissolved water is not detectable.
Dashed horizontal line is the bulk D0 for water, while the
dashed diagonal line is the bulk alkane line [85].
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